Cytochrome P450 enzymes (CYPs) play major roles in generating highly functionalized terpenoids, but identifying the exact biotransformation step(s) catalyzed by plant CYP in terpenoid biosynthesis is extremely challenging. Tanshinones are abietane-type norditerpenoid naphthoquinones that are the main lipophilic bioactive components of the Chinese medicinal herb danshen (Salvia miltiorrhiza). Whereas the diterpene synthases responsible for the conversion of (E,E,E)-geranylgeranyl diphosphate into the abietane miltiradiene, a potential precursor to tanshinones, have been recently described, molecular characterization of further transformation of miltiradiene remains unavailable. Here we report stableisotope labeling results that demonstrate the intermediacy of miltiradiene in tanshinone biosynthesis. We further use a next-generation sequencing approach to identify six candidate CYP genes being coregulated with the diterpene synthase genes in both the rhizome and danshen hairy roots, and demonstrate that one of these, CYP76AH1, catalyzes a unique four-electron oxidation cascade on miltiradiene to produce ferruginol both in vitro and in vivo. We then build upon the previous establishment of miltiradiene production in Saccharomyces cerevisiae, with incorporation of CYP76AH1 and phyto-CYP reductase genes leading to heterologous production of ferruginol at 10.5 mg/L. As ferruginol has been found in many plants including danshen, the results and the approaches that were described here provide a solid foundation to further elucidate the biosynthesis of tanshinones and related diterpenoids. Moreover, these results should facilitate the construction of microbial cell factories for the production of phytoterpenoids.
Cytochrome P450 enzymes (CYPs) play major roles in generating highly functionalized terpenoids, but identifying the exact biotransformation step(s) catalyzed by plant CYP in terpenoid biosynthesis is extremely challenging. Tanshinones are abietane-type norditerpenoid naphthoquinones that are the main lipophilic bioactive components of the Chinese medicinal herb danshen (Salvia miltiorrhiza). Whereas the diterpene synthases responsible for the conversion of (E,E,E)-geranylgeranyl diphosphate into the abietane miltiradiene, a potential precursor to tanshinones, have been recently described, molecular characterization of further transformation of miltiradiene remains unavailable. Here we report stableisotope labeling results that demonstrate the intermediacy of miltiradiene in tanshinone biosynthesis. We further use a next-generation sequencing approach to identify six candidate CYP genes being coregulated with the diterpene synthase genes in both the rhizome and danshen hairy roots, and demonstrate that one of these, CYP76AH1, catalyzes a unique four-electron oxidation cascade on miltiradiene to produce ferruginol both in vitro and in vivo. We then build upon the previous establishment of miltiradiene production in Saccharomyces cerevisiae, with incorporation of CYP76AH1 and phyto-CYP reductase genes leading to heterologous production of ferruginol at 10.5 mg/L. As ferruginol has been found in many plants including danshen, the results and the approaches that were described here provide a solid foundation to further elucidate the biosynthesis of tanshinones and related diterpenoids. Moreover, these results should facilitate the construction of microbial cell factories for the production of phytoterpenoids.
phytoterpenoids biosynthesis | gene discovery | synthetic pathway | metabolic engineering T erpenoids represent a diverse class of secondary metabolites attracting commercial interest due to their use as drugs, fragrances, and alternative fuels. In plants, terpenoids are synthesized from two C 5 precursors, isopentenyl diphosphate (IPP) and dimethylallyl diphosphate (DMAPP), which are derived via the 1-deoxyxylulose-5-phosphate pathway or the mevalonate pathway. Prenyltransferases then combine DMAPP and IPP to form other building blocks, (E)-geranyl pyrophosphate (GPP; C 10 ), (E,E)-farnesyl pyrophosphate (FPP; C 15 ), and (E,E,E)-geranylgeranyl pyrophosphate (GGPP; C 20 ). These acyclic precursors are transformed by terpene synthases/cyclases, followed by tailoring enzymes to generate compounds with tremendous structure diversities. Thus, over 50,000 terpenoid compounds have been identified. The most important tailoring process in terpenoid biosynthesis is oxidation/oxygenation, which is largely catalyzed by cytochrome P450 (CYP) enzymes (1) . However, functionally characterizing the role of plant CYP in particular biotransformation step(s) in terpenoid biosynthesis is extremely challenging, because these CYPs normally have high substrate specificity, share low sequence homology (2) , and the encoding genes generally are not physically clustered together with genes responsible for the upstream enzymatic reactions as found in microbial genomes (3) . For example, despite tremendous efforts during the past two decades to delineate the biosynthetic pathway for the most important diterpenoid, taxol, there are still unresolved steps likely involving transformations catalyzed by CYP (4). Nonetheless, research continues, and has even intensified, because understanding the molecular basis of terpenoid biosynthesis holds great promise to engineer the native-producing organisms, as well as surrogate microbes, to produce the desired molecules in sufficient quantities for commercial purposes.
Our recent efforts have been focused on the biosynthesis of a group of abietane-type norditerpenoids, tanshinones (Fig. 1) , the major lipophilic bioactive components of the rhizome of the Chinese medicinal herb, Salvia miltiorrhiza Bunge (Lamiaceae), known as tanshen or danshen (5) . Danshen has been prominently mentioned in discussions of how traditional Chinese medicine might be coupled to a more modern approach (6) . More importantly, tanshinones have been shown to exhibit a variety of biological activities, which includes antibiotic, anti-inflammatory, and antioxidant effects, as well as activity against various aspects of heart disease. Indeed, danshen preparations are in phase II clinical trials against cardiovascular disease (7) . Although the production of tanshinones is inducible in S. miltiorrhiza hairy roots (8) , the current supply is dependent on field-grown plants, which are subject to variable yields, and genetic modification offers potentially increased yields in either system. However, this requires some understanding of the underlying biosynthetic pathway. Our initial investigations were carried out using a functional genomics approach based on a cDNA microarray using ∼4,400 expressed sequence tags (ESTs), generated with traditional sequencing technology (9) . This led to functional identification of two sequentially acting diterpene cyclases, as required for the formation of labdanerelated diterpenoids such as the tanshinones (10, 11): specifically, a class II diterpene cyclase, which produces copalyl diphosphate from GGPP, termed CPP synthase (SmCPS), and a subsequently This article is a PNAS Direct Submission. J.P.N. is a guest editor invited by the Editorial Board.
Data deposition: The sequences reported in this paper have been deposited in the GenBank database (accession nos. SRX224100, JX422213-JX422218, and CBX24555). acting class I diterpene cyclase, termed ent-kaurene synthase-like (SmKSL), which produces the abietane miltiradiene (11) .
Miltiradiene contains a cyclohexa-1,4-diene moiety that imposes a planar configuration on the distal ring, which is suggestively poised for aromatization, as required for the production of tanshinones. Thus, miltiradiene is a potential intermediate in tanshinone biosynthesis, albeit requiring extensive tailoring steps involving oxidation/oxygenation as well as carbon-carbon bond scission (Fig. 1) . However, information remains unavailable for structural tailoring miltiradiene and downstream steps of tanshinone biosynthesis at the molecular level. Here we describe results that demonstrate the intermediacy of miltiradiene, at least for late intermediates in the tanshinone biosynthetic pathway, as well as the use of a next-generation sequencing approach to functionally identify a CYP, miltiradiene oxidase CYP76AH1, able to convert miltiradiene to ferruginol. We show that synthetic pathways incorporating CYP76AH1 upon previously engineered Saccharomyces cerevisiae (12) enable the production of this elaborated phytoterpenoid up to 10.5 mg/L, providing a platform for further investigation of derived natural products such as the tanshinones.
Results
Intermediacy of Miltiradiene in Tanshinone Biosynthesis. Whereas the planar conformation of the distal ring in miltiradiene is suggestive, a role for miltiradiene in tanshinone biosynthesis remained hypothetical. This was investigated by stable-isotope labeling. To generate labeled miltiradiene we used a previously developed Escherichia coli-based metabolic engineering system that enables coexpression of SmCPS and SmKSL with a GGPP synthase (13), along with up-regulation of several key enzymes in the endogenous methylerythritol-5-phosphate (MEP)-dependent isoprenoid precursor pathway, as previously described (14) . Accordingly, growth of the resulting recombinant E. coli cells in optimized minimal media enabled production of labeled miltiradiene from 13 C 6 -glucose. Using this methodology, fully 13 C-labeled miltiradiene was generated, as verified by GC-MS analysis ( Fig. 2 A and B) .
To reduce the amount of unlabeled tanshinones, S. miltiorrhiza hairy roots were subcultured, with addition of the general CPS inhibitor 2-Isopropyl-4-dimethylamino-5-methylphenyl-1-piperidinecarboxylate methyl Chloride AMO1618 (15) , to suppress endogenous production of miltiradiene. Whereas it was possible to observe the incorporation of 13 C-labeled miltiradiene into the oxidized intermediate, ferruginol (Fig. 2 C and D) , endogenous production levels were still sufficient to preclude detection of any other fully 13 C-labeled tanshinones ( Fig. 1 ). This confounding endogenous metabolism was further suppressed by addition of the MEP pathway inhibitor, fosmidomycin (16, 17) , as well as AMO1618, along with feeding increased amounts of labeled miltiradiene. Under these conditions, fully 13 C-labeled cryptotanshinone was observed (Fig. 2E) , demonstrating that the labeled miltiradiene could undergo substantial elaboration and serve as a precursor to compounds found in the late stage of the proposed tanshinone biosynthetic pathway (Fig. 1) .
CYP Candidate Gene Discovery. From our previous work with SmCPS and SmKSL, transcription of the encoding genes was clearly increased by induction of hairy root cultures (11) . Such inducible transcription has been shown to extend to the subsequently acting CYPs in other terpenoid biosynthetic pathways (3, (18) (19) (20) (21) (22) (23) (24) . Accordingly, to find candidate CYPs for tanshinone biosynthesis we moved beyond our previously reported EST database (9) and used next-generation sequencing of mRNA from induced hairy roots to generate an extensive transcriptome (accession no. SRX224100), resulting in 25,793 isotigs ranging from 100 to 1,100 nucleotides in length. Analysis of this dataset revealed the presence of ∼300 CYP isotigs, close to the numbers of CYPs found in other plant species (22) . Moreover, using an RNA-seq approach to examine the change in transcriptome upon induction with Ag + , 14 CYP genes were selected as initial candidates for investigation on the basis of their significant increase in transcript levels.
Given the accumulation of tanshinones in the rhizome (8), and previous tissue-specific transcription demonstrated for other diterpenoid metabolism (18, 19, 25, 26) , we hypothesized that tanshinone biosynthetic enzymes would be specifically expressed in the rhizome. Indeed, consistent with previous investigations (27) , quantitative real-time (qRT)-PCR analysis demonstrated that SmCPS and SmKSL mRNA levels were higher in the rhizome than above ground tissues of S. miltiorrhiza. Hence, the relative expression of each of the 14 inducible CYPs was similarly analyzed, and transcripts for 6 of the 14 candidate CYPs were found to be more abundant in the rhizome. These 6 CYPs [GenBank accession nos. CYP76AH1 (JX422213), SmCYP-2 (JX422214), SmCYP-10 (JX422215), SmCYP-11 (JX422216), SmCYP-18 (JX422217), and SmCYP-20 (JX422218)] were then cloned to enable biochemical assays using miltiradiene as the substrate. As cytochrome P450 reductases (CPRs) are important to support the activities of CYPs, we also cloned full-length cDNA for two CPRs, SmCPR1 (GenBank accession no. CBX24555) and SmCPR2 (GenBank accession no. JX848592), that were present in our transcriptome. These two CPRs shared 79% nucleotide sequence identities (Fig. S1) . Although SmCPR1 had been previously deposited, SmCPR2 seemed to be new.
CYP76AH1 Acts as a Ferruginol Synthase. The ability of these S. miltiorrhiza CYPs to react with miltiradiene was examined by recombinant expression in S. cerevisiae, followed by in vitro assays using microsomal preparations. Specifically, these six CYPs were expressed in the S. cerevisiae WAT11U strain, which expresses a CPR from Arabidopsis thaliana (AtCPR1), enabling more efficient reduction of plant CYPs (28) . Microsomal preparations from the resulting recombinant yeasts were then assayed with miltiradiene, in the presence of NADPH, followed by GC-MS analysis. Notably, only one of these CYPs (designated CYP76AH1 by the Cytochrome P450 Nomenclature Committee; GenBank accession no. JX422213), was able to convert miltiradiene to an oxidized derivative (Fig. S2) , which was determined to be ferruginol by comparison with an authentic standard (Fig. 3) . None of the six CYPs was able to further react with ferruginol under identical assay conditions (Fig. S3) . Steady-state kinetic analysis, in the presence of excess NADPH, indicated that CYP76AH1 efficiently catalyzes the conversion of miltiradiene into ferruginol, with k cat = 4.4 ± 0.3 s −1 and K M = 13 ± 3 μM (Fig. 4) .
Coincidence of CYP76AH1 Transcription and Ferruginol Accumulation.
To further strengthen the relevance of CYP76AH1 to ferruginol and tanshinone biosynthesis, we investigated ferruginol accumulation patterns. It has been reported that ferruginol accumulates along with tanshinones in S. miltiorrhiza suspension cells (29) , as well as hairy roots (30) . Tissue-specific analysis of whole plants demonstrated the expected accumulation of ferruginol in the rhizome, whereas none was detected in above-ground tissues, consistent with the CYP76AH1 transcript accumulation pattern noted above. Moreover, we found that induction of hairy root cultures led to increased levels of ferruginol (Fig. 5A ), tanshinones (Fig. S4) , and CYP76AH1 transcription (Fig. 5B) , consistent with the hypothesized role for CYP76AH1 in ferruginol and, hence, tanshinone biosynthesis.
Assembling Pathways for Heterologous Ferruginol Production. In previous work, we assembled efficient pathways by using the modular pathway engineering (MOPE) approach and enabled the production of miltiradiene at levels of 365 mg/L in S. cerevisiae (12) . This approach was applied here to realize heterologous production of ferruginol by additionally incorporating modules expressing CYP76AH1 as well as a CPR gene. Initially, a CYP76AH1 (only) module, under the control of the transcription elongation factor 1 (TEF1) promoter, was added to the previously reported miltiradiene production vector, which contained the GGPP synthase (BTS1) and farnesyl diphosphate synthase (ERG20) fusion module BTS1-ERG20, the tHMG1 module for expressing the catalytic domain of hydroxy-3-methylglutaryl coenzyme A (tHMG1), and the copalyl diphosphate synthase (SmCPS) and kaurene synthase-like (SmKSL) fusion module SmKSL-SmCPS. The resulting plasmid was transformed into S. cerevisiae BY4741(ML) to give the engineered strain S. cerevisiae YJ32 (Fig. 6) . However, whereas YJ32 produced considerable amounts of miltiradiene and geranylgeraniol (GGOH, produced by hydrolysis of GGPP), ferruginol was not detected (Fig. 6 and Fig. S5A ). We hypothesized that the endogenous yeast CPR was incompetent to support the activity of the plant CYP76AH1. Accordingly, we turned to the use of the two S. miltiorrhiza CPRs, SmCPR1 and SmCPR2 to support the CYP76AH1 activity. The engineered strains YJ35 and YJ33, containing further assembled SmCPR1 module and SmCPR2 module on plasmid described above in the BY4741(ML), produced ferruginol at a titer of 10.5 and 5.2 mg/L, respectively, after 48 h of shake-flask fermentations. Interestingly, the production of miltiradiene and ferruginol by these strains was inversely correlated (Fig. S5 ). For example, YJ32 produced no ferruginol, but the highest miltiradiene titer of 5.2 mg/L, whereas YJ35 (contained SmCPR1) produced 10.5 mg/L of ferruginol and only 1.2 mg/L of miltiradiene. These observations indicated that the presence of a phyto-CPR was essential for CYP76AH1 to function in yeast. To further support this idea, the plasmids used for the construction of YJ32 and YJ35 were transformed into WAT11U (28), which harbors a chromosomally integrated copy of AtCPR1 from A. thaliana, leading to engineered strains YJ42 and YJ45, respectively. As expected from our in vitro results described above, YJ42 produced ferruginol at 2.1 mg/L. Interestingly, whereas YJ45 and YJ35 produced equal amounts of ferruginol, YJ45 accumulated significantly higher amounts of miltiradiene than YJ35 (Fig. S5 C vs. D) . These results suggested that WAT11U provided greater metabolic flux to isoprenoid biosynthesis than BY4741(ML), although the copresence of AtCPR1 and SmCPR1 did not further improve ferruginol production levels. It should be mentioned that the specific ferruginol titers [milligrams per gram of dry cell weight (DCW)] followed similar trends to the volumetric titers (milligrams per liter) among all engineered strains (Fig. S6 vs. Fig. 6 ).
Discussion
We have previously reported functional identification of S. miltiorrhiza diterpene synthases, SmCPS and SmKSL, which catalyze the conversion of GGPP into the abietane-type diterpene olefin miltiradiene, a potential intermediate in the biosynthesis of the bioactive tanshinones of the important Chinese medicinal herb, danshen (11).
Here we report stable-isotope labeling results that clearly demonstrate that miltiradiene is the precursor to at least two compounds found in the proposed tanshinone biosynthetic pathway, i.e., ferruginol and cryptotanshinone (Fig. 2) . The implied formation of (crypto) tanshinones from miltiradiene requires extensive structural elaboration (Fig. S7) . To understand the molecular bases of those transformations, we sought to identify the relevant genes, hypothesizing that the transcription of these would be inducible, as previously demonstrated for SmCPS and SmKSL (11) . To provide a comprehensive foundation for these efforts, we undertook a nextgeneration sequencing-based functional genomics approach, to not only define the S. miltiorrhiza transcriptome, but also its transcriptional response to elicitor induction. Miltiradiene is expected to undergo extensive oxidation, as well as carbon-carbon bond scission, to form diversified metabolites including tanshinones. Given that many of those biological transformations are typically carried out by CYPs (1), we focused on CYP-encoding genes whose transcription was coregulated with that of SmCPS and SmKSL, both in induction and rhizome tissue-specific expression patterns. From the six candidate CYPs identified through these criteria, we were able to demonstrate that one, CYP76AH1, readily converts miltiradiene into ferruginol in the presence of CPR1 from A. thaliana (Fig. 3) . A number of other CYP76 family members have been shown to function in terpenoid biosynthesis (3, 24, 31) . This notably includes four members of the CYP76M subfamily from rice that also function in diterpenoid metabolism (3, 24) , two of which catalyze hydroxylation at C-11 of ent-cassadiene, a reaction that exhibits some similarity to the activity shown by CYP76AH1. ), but also a pseudosubstrate binding constant (K M of 13 ± 3 μM) similar to that reported for the CYP76M subfamily members from rice diterpenoid biosynthesis, whose reported K M values ranged from 2 to 40 μM (3, 24) .
The ferruginol synthase activity exhibited by CYP76AH1 apparently requires a four-electron oxidation cascade. In particular, the production of ferruginol from miltiradiene involves both aromatization and the introduction of an oxygen atom at C-12 (Fig.   S8 ). CYPs are known to catalyze dehydrogenation, as required for aromatization, as well as monooxygenation on a variety of carbon centers (32) . Thus, the catalyzed reaction might follow an aromatization/monooxygenation sequence. Alternatively, the oxygen atom might be incorporated via epoxidation of the C-12,13 double bond, followed by ring opening and an additional oxidation step en route to ferruginol. Whereas detailed mechanistic insight awaits further biochemical characterization, CYP76AH1 nevertheless represents a unique enzyme that catalyzes a four-electron oxidation cascade on the cyclohexa-1,4-diene moiety to form a phenol moiety in tanshinone biosynthesis.
Ferruginol is a widespread diterpenoid metabolite, and has been found in the Podocarpaceae (33), the Cupressaceae (34), the Lamiaceae (35) , and the Verbenaceae (36) plant families. Notably, a transcriptome recently has become available for the perennial herb rosemary (Rosmarinus officinalis; http://medicinalplantgenomics. msu.edu), which also is known to produce ferruginol, and this contains several isotigs that exhibit close homology to CYP76AH1 (∼85% nucleotide sequence identity; Fig. S9 ). Isotig homologs to SmCPS and SmKSL also can be found in the rosemary transcriptome, indicating that our results from investigating tanshinone biosynthesis will be more widely applicable to the metabolism of other plant diterpenoid natural products. Indeed, ferruginol serves as a potential intermediate for the carnosic acid produced by rosemary. In turn, carnosic acid also may be an intermediate in tanshinone biosynthesis ( Fig. 1 and Fig. S7) . Intriguingly, phylogenetic analysis revealed that four of the remaining five danshen CYPs whose expression pattern matches that of tanshinone accumulation are closely related to CYP99A3 (Fig. S9) , which catalyzes the conversion of the C-19 methyl of diterpene momilactone to a carboxylic acid in rice (21) . Particularly given the similar transformations required for tanshinone biosynthesis (e.g., oxidative loss of C-19 and C-20 in formation of tanshinone I), these CYPs seem likely to be involved in downstream transformations for tanshinone biosynthesis. We thus prepared microsome samples from recombinant yeasts harboring these CYP genes and performed reactions using ferruginol as the substrate; however, no product was observed (Fig. S3) .
Ferruginol further serves as a bioactive natural product in its own right, and has been shown to exhibit a range of activities similar to that of the tanshinones (37) . Given that it also can be found in S. miltiorrhiza rhizomes, ferruginol may contribute to the medicinal effect of danshen. In part based on the potential use of ferruginol itself, we assembled synthetic pathways for microbial production of ferruginol in yeast. Whereas incorporating CYP76AH1 alone into the miltiradiene-producing yeast strain failed to produce ferruginol, yeast strains harboring CYP76AH1 in the presence of plant CPRs from S. miltiorrhiza or A. thaliana produced ferruginol (Fig. 6) . Under flask-shake conditions without process optimization, we achieved a ferruginol titer of 10.5 mg/L, which was comparable to the result obtained in E. coli for the production of the first CYP modified taxadiene, taxadien-5α-ol, a precursor to taxol (38) . Furthermore, we expected that it should be possible to significantly increase ferruginol yield via a combination of strain engineering and process optimization (12, 39) .
In conclusion, here we have established the intermediacy of miltiradiene in the biosynthesis of the bioactive tanshinone diteprenoids from the Chinese medicinal herb S. miltiorrhiza (danshen), and used a next-generation sequencing-based approach to functionally identify the relevant ferruginol synthase, CYP76AH1. The results and approaches described here provide a solid foundation for further investigation of not only the biosynthesis of the tanshinones, but that of plant labdane-related diterpenoids more generally. As there is strong interest in microbial production of phytoditerpenoids (12, 14, 38, 39) , our metabolic engineering efforts reported here also will facilitate the construction of such microbial cell factories.
Materials and Methods
Isolation and Quantification of Ferruginol. Analysis of ferruginol levels was carried out much as previously described (29) . Briefly, dried and powered hairy roots were extracted with ethyl acetate, with fivefold concentration of these extracts used for ferruginol quantification by GC analysis. GC analyses were carried out using an Agilent GC7890 system with HP-5 column (320 μm × 0.25 μm × 30 m) and flame ionization detection, with quantification by comparison with an authentic standard for ferruginol, which was obtained from WUXI APPTEC Co.. Samples (1 μL) were injected in splitless mode at 280°C. The GC oven temperature was programmed to increase at 6°C/min from 150°C to 220°C, at 3°C/min from 220°C to 230°C, and at 20°C/min from 230°C to 280°C.
Isolation of Total RNA and qRT-PCR Analysis. For CYP76AH1 expression analysis, hairy roots were induced with Ag + , and sampled after 6 h, 12 h, 24 h, 48 h, 72 h, and 120 h. Total RNA was extracted from hairy roots using TRIzol reagent (Invitrogen) following the manufactures' directions. First-strand cDNA was synthesized with RevertAid First Strand cDNA synthesis Kit (Fermentas) using oligo (dT) 18 primer. Quantitative real-time PCR was performed using the SYBR Premix Ex Taq (Takara Bio) and an Applied Biosynthesis 7500 Real-Time machine. The primers used were: 5′-TCGTGGATGAGTCGGCAAT-3′ and 5′-TGAGTATCTGAGTTCCCT-3′. Actin was used as the endogenous control to normalize expression value. At least three independent experiments were performed for each analysis (tissues and time points).
cDNA Cloning and Heterologous Expression of CYP76AH1 in Yeast. The 5′ and 3′ ends of the targeted CYP and SmCPR2 were cloned by RACE (Invitrogen) according to the manufacturer's directions. Full-length cDNA was cloned from cDNA isolated from induced hairy roots 12 h after induction with Ag + , using PrimeStar DNA polymerase (Takara Bio). The ORF region of CYP76AH1 was subcloned into yeast epitope-tagging vector pESC-His via EcoR I and Spe I digestion with PCR amplification using primers shown in Table S1 . The pESC-His-CYP76AH1 construct was verified by complete gene sequencing, which was transformed into the yeast strain WAT11U (28) . Transformants were selected on synthetic dropin medium −His (SD−his) containing 20 g/L glucose and grown at 28°C for 48 h. The resulting recombinant strain was initially grown in SD−His liquid medium with 20 g/L glucose at 28°C for about 48 h to an OD 600 of 2-3. Cells were centrifuged and washed three times with sterile water to remove any residual glucose. The cells were then resuspended in the yeast peptone galactose (YPL) induction medium (10 g/L yeast extract, 20 g/L bactopeptone, and 20 g/L galactose) and grown overnight at 28°C to induce recombinant protein expression. ORFs of SmCYP-2, SmCYP-10, SmCYP-11, SmCYP-18, and SmCYP-20 were also subcloned into pESC-His as done for CYP76AH1, and transformants were generated and confirmed by sequencing.
In Vitro Enzymatic Activity Assay. Miltiradiene samples were prepared using our engineered yeasts as described (30) . Microsomes were prepared as previously described (40) . Microsomal membranes were suspended in storage buffer containing 50 mM Tris·HCl (pH 7.5), 1 mM EDTA, and 20% (vol/ vol) glycerol. Initial in vitro hydroxylation assays were conducted in a total volume of 500 μL of 90 mM Tris·HCl (pH 7.5), containing 1 mM NADPH, 500 μg of microsomal protein, and 100 μM miltiradiene. The assays were incubated with shaking for 3 h at 28°C, and the reactions terminated by extraction with an equal volume of ethyl acetate. These extracts were directly analyzed by GC-MS using an Agilent 6890 GC-MS system with an HP-5MS capillary column (250 μm × 0.25 μm × 30 m; J & W Scientific). Analysis was carried out on 4-μL samples with splitless injection at 225°C. The GC oven temperature was programmed to increase at 10°C/min from 70°C to 280°C.
Kinetic Analysis. For kinetic analysis, CYP76AH1 concentration was estimated by measuring the reduced CO-binding difference spectra using an extinction coefficient of 91 mM −1 ·cm −1 as reported (41) . Experiments were carried out using serial concentrations of miltiradiene: 5 μM, 10 μM, 15 μM, 20 μM, 30 μM, 40 μM, 60 μM, and 100 μM, in 1-mL enzyme assays. These also contained 1 mg microsomal protein (0.011 μmol CYP76AH1) in 90 mM Tris·HCl (pH 7.5), with 0.5 mM NADPH along with a regenerating system (consisting of 5 μM FAD, 5 μM FMN, 5 mM glucose-6-phosphate, 0.5 unit/mL glucose-6-phosphate dehydrogenase, and 2 mM DTT). Reactions were initiated by substrate addition, incubated with shaking at 28°C for 30 min, and then terminated by extracting three times with 1 mL of ethyl acetate, with 0.5 μM octadecane as an internal standard. Pooled extracts were completely evaporated under N 2 and then dissolved in 50 μL ethyl acetate for quantification by GC analysis, carried out as described above. K M and k cat values were calculated by nonlinear regression using GraphPad Prism version 5.04, and the data reported are the means ±SD from triplicate analyses.
Engineering Yeasts for Ferruginol Production. The yeast strain BY4741(ML) was constructed by complementing the auxotrophic markers LEU2 (encoding β-isopropylmalate dehydrogenase) and MET15 (encoding O-acetylhomoserine/O-acetylserine sulfhydrylase) in the BY4741 strain as previously described (12) . Synthetic pathways were assembled according to the MOPE strategy, consisted of the previously described BTS1-ERG20 module, overexpressing the fusion protein of GGPP synthase and farnesyl diphosphate synthase, tHMG1 module, overexpressing a truncated hydroxy-3-methylglutaryl reductase, SmKSL-SmCPS module, overexpressing the fused diterpene synthase (12) , along with the CYP76AH1 module, and the SmCPR1 module or the SmCPR2 module described here. The primers used in this work are listed in Table S1 . These constructs were transformed into the yeast strains BY4741(ML) or WAT11U, resulting in strains engineered for ferruginol production (Table S2) . Cells were grown in SC medium lacking uracil at 30°C, shaking at 200 rpm for 48 h in a ZWY-1102 shaking incubator (Shanghai Zhicheng), and then transferred to 100 mL of YPD medium in 500-mL flasks to an initial OD 600 of 0.05, and cultivated for another 48 h. Terpenoid products were extracted as previously described (12) and analyzed by GC using a 7890F system (Techcomp Scientific Instrument Co.) with flame ionization detector, and equipped with an SE-54 column (250 μm × 0.25 μm × 30 m). Column pressure was kept at 0.10 MPa, with 4.5 mL/min carrier gas (N 2 ) flow rate. The injector and detector Fig. 6 . Results of the assembled ferruginol production pathways. Yeast strains were cultivated in a ZWY-1102 shaking incubator (Shanghai Zhicheng) with 100 mL YPD media at 30°C, 200 rpm for 48 h. All data represent the averages ± SDs of three independent clones.
